Background: Bisphosphonates are common medications for the treatment of osteoporosis in older populations. Several studies, including the Women's Health Initiative (WHI), have found inverse associations of bisphosphonate use with risk of breast and endometrial cancer, but little is known about its association with other common malignancies. The objective of this study was to evaluate the association of bisphosphonate use on the incidence of lung cancer in the WHI.
Introduction
Lung cancer is the second most common cancer and the leading cause of cancer death among American women [1] . Although tobacco smoking is the leading cause, identifying other modifiable factors is important and may be useful in developing novel prevention strategies for this highly fatal disease.
Bisphosphonates are commonly prescribed medications for the prevention and treatment of osteoporosis in older populations, particularly among postmenopausal women [2] . Experimental studies have shown that bisphosphonates have a range of direct and indirect antitumor effects, including inhibition tumor angiogenesis and cellular proliferation, prevention tumor cell adhesion and invasion, and induction of tumor cell apoptosis [3] ; however, it is still unclear whether they play a role in primary prevention of cancer. A number of recent studies, including the Women's Health Initiative (WHI) have explored the relationships between bisphosphonate use and risk of breast [4] [5] [6] [7] [8] , gastrointestinal tract [9] [10] [11] , endometrial and ovarian cancer [12, 13] . A few studies, with inconsistent results have investigated the association of oral bisphosphonate use with lung cancer risk [14] [15] [16] [17] . Nonsignificant inverse associations were observed in retrospective studies nested within the United Kingdom (UK) General Practice Research Database (GPRD) [hazard ratio (HR) ¼ 0.85, 95% confidence interval (CI), 0.70-1.03 and odds ratio (OR) ¼ 0.97, 95% CI, 0.88-1.08] [14, 15] , while results from combined GPRD and practice-based QRsearch databases showed no association (OR ¼ 1.04, 95% CI, 0.97-1.12) [15] .
Results from retrospective studies using Taiwan health insurance system database were conflicting; one suggested no association (HR ¼ 1.17, 95% CI, 0.05-1.43) [16] , but another one found positive association (HR ¼ 1.47, 95% CI, 1.00-2.17) [17] . However, these previous studies had very limited information on risk factors of lung cancer including smoking, and none of them explored whether the associations between bisphosphonate use and lung cancer vary by smoking status. Meanwhile, some but not all previous studies have observed associations between exposure to tobacco smoke or tobacco products and low bone mineral density [18] [19] [20] [21] and some clinical studies reported that bisphosphonate treatment failure was associated with current smoking status among postmenopausal women with osteoporosis [22] . These findings suggest a potential interaction between bisphosphonate use and smoking. Therefore, we hypothesized that oral bisphosphonate use may have effects on lung carcinogenesis in older women, particularly among those who are never smokers.
To test these hypotheses, we evaluated the relationship between oral bisphosphonates use and lung cancer risk and its potential interaction with smoking status on lung cancer risk in the well-described WHI study, a large prospective cohort of postmenopausal women involving three randomized clinical trials (WHI-CTs) and a large observational study (WHI-OS).
Materials and methods

WHI overview
Details of the WHI study methods have been published elsewhere [23] [24] [25] . Briefly, WHI study enrolled 161 808 postmenopausal women in an observational study (WHI-OS) and three clinical trials (WHI-CTs) between 1993 and 1998 from 40 clinical centers across the United States. Eligible women for the WHI study were 50 to 79 years old at baseline with anticipated survival of at least 3 years, accessible for follow-up. Each WHI trial had its own set of eligibility criteria. WHI-OS participants were ineligible or unwilling to be included in a randomized trial. All participants provided informed consent, and the study protocol was approved by the Institutional Review Boards of all respective clinical centers.
Measurement of exposures
Standardized, self-administered questionnaires were completed by participants at the baseline visit, including queries regarding demographic factors, smoking history, medical history, alcohol intake, dietary intake, personal habits, and physical activity.
A medication inventory of all current, regularly used medications, including bisphosphonates, was taken at the baseline and at year 3 clinic visits for all WHI participants, and additionally at years 1 and 6 after random assignment for WHI-CT participants. Participants were instructed to bring all medication containers for those prescribed and over the counter medications taken at least twice per week during the previous 2 weeks. The medication information (type and frequency) was obtained directly from the medication containers and entered into the WHI database by trained research staff. Each medication was matched to the Medi-Span V R (Indianapolis, IN) Master Drug Database to ascertain detailed ingredient information. For those reporting use of bisphosphonates, the type of the compound and the duration of use was recorded and validated by checking pill box labels. No information on dose was collected. A validity study was conducted among 223 WHI participants for whom we had bisphosphonate use information from both medication inventory and pharmacy records; the agreement between sources was high (current bisphosphonate use: sensitivity ¼ 80%; duration of bisphosphonate use: j ¼ 0.95) [26] .
Extensive information on smoking was collected at baseline in the WHI study; participants were asked whether they had ever smoked 100 cigarettes in their lifetime and whether they smoked currently to identify current and former smokers. A woman was defined as former smoker if she did not smoke currently but had ever smoked 100 cigarettes in the past. The number of cigarettes smoked per day and the number of years as a regular smoker were also queried. Never smokers were defined as participants who reported having ever smoked <100 cigarettes in their lifetime. The 10-year probability of hip fracture was calculated using a WHO developed fracture Risk Assessment Tool (FRAX) V R to evaluate a hip fracture risk [27] . It is based on individual patient models that integrate the risk associated with clinical risk factors measured at baseline [27] .
Ascertainment of outcomes
Self-reported health outcomes, including lung cancer, were ascertained semiannually for WHI-CT or annually for WHI-OS using a health update questionnaire until 2005 and then annually for all WHI participants thereafter. Lung cancer diagnoses that were reported were confirmed and adjudicated using medical records and pathology reports reviewed by centrally trained study physicians blinded to study components, medication, or randomization assignments [24] . Tumor characteristics were coded according to the Surveillance, Epidemiology, and End Results (SEER) guidelines at the WHI Coordinating Center [24] . Follow-up was censored at the earliest of the following event: last known follow-up or 30 September 2013.
Study participants
We excluded participants who had not turned 50 years old at baseline, had a prior history of lung cancer at baseline, or had missing data on follow-up time, or lacked information of medication inventory at baseline and at year 3 for all participants and additionally at year 1 and 6 for WHI-CT participants. The current analyses finally included 151 432 WHI participants.
Statistical analysis
We estimated HRs and 95% CIs using Cox proportional hazards regression models [28] to examine the associations between time since initiation of oral bisphosphonate use and lung cancer incidence. Oral bisphosphonate use was, in general, dichotomized as a time-varying never/ever variable by updating baseline use at years 1, 3 or 6 clinic visits among women at risk of lung cancer in the CT women and year 3 in the OS women (nonusers could become ever users over time). Therefore, nonusers in the Cox regression model referred to women who never reported oral bisphosphonate use during those follow-up visits before the occurrence of lung cancer. Quartile distributions among oral bisphosphonate users were used to categorize total duration of use. In the age-adjusted analyses, the Cox proportional hazards models were adjusted for age and stratified on WHI study component and for those in the WHI-CT's randomization arm. In more general multivariate analyses, the Cox regression models were adjusted for covariates measured at baseline, including age, ethnicity, education, smoking status, number of cigarettes smoked per day, total years of smoking, alcohol use status, physical activity, body mass index (BMI), personal prior hormone therapy use, statin use, total calcium intake, and total vitamin D intake. Previous studies have shown significant correlation between calculated hip fracture risk score with BMD [8] . Therefore, in current study, we also assessed potential confounding by 10-year probability of hip fracture and history of bone fracture after age 54 years, and these two factors did not alter point estimates by 10% and were excluded from final models.
Lung tumor histology, stage, and grade were compared between users of any type of oral bisphosphonate and nonusers with v 2 tests. Tumors with missing information were not included in these analyses.
Multiplicative interactions between oral bisphosphonate use and other covariates of interest measured at baseline, including smoking status and continuous total calcium intake, were tested using the Wald test. All statistical tests were based on two-sided probability. Statistical analyses were conducting using SAS, Version 9.4 (SAS Institute, Cary, NC).
Results
Oral bisphosphonate use at baseline was uncommon (n ¼ 3146 users, 2.1%) but had increased to 9.7% (14 721 users) by year 6 (Table 1) . About 72.3% of baseline users of bisphosphonate reported a physician diagnosis of osteoporosis compared with only 6.6% of nonusers. Compared to nonusers, baseline users were older, more likely to be white, had higher educational level, and substantially higher estimated 10-year probability of hip fracture. Baseline users also reported higher physical activity, had lower BMI, higher total calcium and vitamin D intakes, were less likely to be current smokers, have less total pack-years of smoking and were less likely to use hormone therapy before enrollment than nonusers (Table 1) . Moreover, baseline characteristics of WHI study participants by their smoking status are presented in Table A1 .
After 13.3 years' (mean) cumulative follow-up, 2511 women were diagnosed with incident lung cancer (2257 nonusers and 254 ever users of oral bisphosphonates) ( Table 2 ). The crude incidence of lung cancer was similar among nonusers and women reporting any type of oral bisphosphonates use. Based on the multivariable-adjusted model, the HR for use of any type of oral bisphosphonates compared with never use was not significantly different (HR ¼ 0.91, 95% CI, 0.80-1.04, P ¼ 0.16). The magnitude of the associations was stronger for long-term users of bisphosphonate than for short-term users, particularly for 1.50-2.99 years use (HR ¼ 0.65, 95% CI, 0.46-0.93; P ¼ 0.02); however, there was no dose-response relationship for duration of use (P for trend ¼ 0.25). Alendronate was the most common type of oral bisphosphonate in the study population during the followup (>90% of users); however, risk estimates for risedronate and other types of bisphosphonate use were not very precise. Additionally, we conducted sensitivity analyses by further excluding lung cancer cases diagnosed within one year of enrollment of the WHI, and similar results were observed (data not shown).
Two subgroup analyses were carried out (Table 3) . We found that the association patterns with bisphosphonate use differed in never smokers and ever smokers (P interaction ¼ 0.02). Among never smoking women, oral bisphosphonate use was inversely associated with lung cancer risk in the multivariate adjusted models (HR ¼ 0.57, 95% CI, 0.39-0.84, P < 0.01); the association was stronger for total duration of use 1.5 years (HR ¼ 0.36, 95% CI, 0.18-0.73). Among ever smokers, bisphosphonate use was not related to lung cancer risk. The reduced risk associated with oral bisphosphonate use was stronger among women with lower baseline total calcium intake, but the multiplicative interaction test was not statistically significant (P interaction ¼ 0.13).
The incidences of small cell lung cancer and nonsmall-cell lung cancer (NSCLC) were similar in bisphosphonate users. However, among never smoking women, oral bisphosphonate use was inversely associated with NSCLC risk (HR ¼ 0.62, 95% CI, 0.41-0.92; P ¼ 0.02). Similarly, a nonsignificant inverse association with adenocarcinoma was found among never smokers (HR ¼ 0.70, 95% CI, 0.46-1.07; P ¼ 0.10). No association of bisphosphonate use with NSCLC was found in ever smokers (data not shown). There were no apparent differences in the stage or grading of lung cancer in oral bisphosphonate users (Table 4) .
Discussion
We did not find statistically significant association between ever use oral bisphosphonate and lung cancer risk in this large prospective cohort study of postmenopausal women. However, an inverse association of oral bisphosphonate use with lung cancer risk was found among never smokers. Furthermore, our results suggested associations between longer duration of use and reduced lung cancer risk.
Our results are consistent with those from Cardwell et al. [14] , where a nonsignificant inverse association was observed (HR ¼ 0.85, 95% CI, 0.70-1.03). However, there are some differences between their analyses and ours. WHI had larger sample size (2511 lung cancer cases among 151 432 postmenopausal women at risk), confirmed bisphosphonate use, type and duration through assessments of medication packages, and collected detailed information on risk factors for lung cancer and other potential confounding factors. Cardwell et al. [14] determined bisphosphonate use from prescription or medical claim records, which limited potential recall bias. However, their pharmacy databases had limited ability to adequately control for confounding such as smoking habits. Moreover, their analysis may have failed to estimate an association among women alone due to limited sample size.
Usage of oral alendronate, a nitrogen-binding bisphosphonate and subsequent lung cancer risk has been evaluated among osteoporosis patients based on a population-based health insurance system database of Taiwan [16, 17] . Chiang et al. [16] reported no association between oral alendronate and risk of lung cancer among postmenopausal women with osteoporosis. In the same database, a later report included both male and female osteoporosis patients, and found a positive association with risk of lung cancer among osteoporosis patients in Taiwan, and the association was stronger among patients with higher dosage of alendronate (1.0 g/year) [17] . The inconsistent results from the same database may be partially due to sample differences in the two analyses. The studies from Taiwan only adjusted for age and sex due to little information on possible confounding factors in their health insurance databases.
In our study, a reduction in lung cancer risk was seen in women using bisphosphonate for 1.5 year, particularly for use of 1.50-2.99 years. This finding is consistent with previous reports from UK, which reported a nonsignificant inverse association after 1 year of use (HR ¼ 0.86, 95% CI, 0.63-1.17) [14] . Although no information was collected on dose of the medication in the WHI Study prevented us to explore the dose-response relationship for cumulative prescribed intakes, the likelihood ratio test suggested different effects of long-term use. Consistent with our hypothesis, we firstly found that reduction in lung cancer risk with bisphosphonate use tended to be limited to never smoking women, those who have an overall lower risk of developing lung cancer in this study. However, relative small number of incident lung cancer cases among never smokers limited our ability to further explore precise dose-response relationship for duration of use. Further studies are needed to evaluate different patterns of bisphosphonate use on lung cancer risk and to better understand the underlying mechanisms of bisphosphonate use on lung carcinogenesis among never smokers. Also, we found an inverse association between oral bisphosphonate use and lung cancer risk among postmenopausal women with low baseline calcium intake. Previous studies suggested that calcium intake interferes with bisphosphonate absorption and can interplay with bisphosphonate to impact efficacy of osteoporosis treatment [29] . It is possible that bisphosphonate may interact with homeostasis of calcium to influence proliferation of lung cancer cells. Further studies are needed to elucidate the potential interactions between bisphosphonate and calcium on lung carcinogenesis, and to better understand the possible molecular mechanisms. Preclinical and substantial emerging clinical evidence have indicated that bisphosphonates have antitumor activities against a broad range of cancers including breast and prostate cancers [30, 31] . Preclinical studies have shown that bisphosphonates can induce apoptosis, and inhibit cell invasion and tumor angiogenesis [30, 32, 33] through their activation of gamma delta T cells, induction cytokines production, and contribution to immune response to tumor cells [31, 34, 35] . In vitro studies showed that zoledronic acid, a third generation bisphosphonate, inhibits the prenylation of small G-proteins such as Ras, reduces the signals and prevents the growth of lung cancer cells [36, 37] . In vivo studies also revealed that bisphosphonates show the antitumor and antiangiogenic effects through their ability to inhibit tumor cell growth and vascular endothelial growth factor release in NSCLC cell lines [38, 39] . Furthermore, bisphosphonates were shown to inactive human epidermal growth factor receptors (EGFRs) in both NSCLC cell lines and in mice with NSCLC [36, 40, 41] . The EGFR pathway is particularly relevant to progression of lung adenocarcinoma [42] . It is possible that bisphosphonates may have a protective effect on NSCLC, especially adenocarcinoma, through inactivation of EGFR pathways. In our study, bisphosphonate use was found to be associated with reduced risk of NSCLC in never smokers. More studies with larger sample size of NSCLC cases, particularly adenocarcinoma, are needed to help confirm this association. The strengths of the study include prospective cohort design, the large study population of postmenopausal women, comprehensive measurements of lung cancer risk factors, detailed information on oral bisphosphonate use, the standardized central adjudication of lung cancers, and a relatively large number of incident lung cancer cases allowing subgroup analyses by smoking status and total calcium intake. Nevertheless, several issues regarding the current study should be noted. First, this analytic study design is an observational analysis. Lung cancer was not a predefined study outcome in the WHI. Since the protocol did not require participants to undergo chest radiology imaging tests, some cancers may have been missed. Therefore, nondifferential misclassification of the outcome is still possible. In addition, and perhaps more importantly, there were substantial differences in the characteristics including smoking status between oral bisphosphonate users and nonusers. Although we adjusted for many possible factors that could confound the association, we were unable to eliminate possible residual confounding. Secondhand smoke (SHS) exposure at home and at work since age 18 years was collected only among the WHI-OS participants at the baseline, so we were unable to eliminate potential confounding from SHS exposure. When limiting our analyses in the WHI-OS and additionally adjusting of SHS exposure in the multivariable-adjusted models, we found similar but attenuated results. Subgroup analyses limited to WHI-OS participants who were never smokers generated similar findings. WHI started enrollment before the time bisphosphonates began being widely prescribed; only women enrolled toward the end of the recruitment had the opportunity to use bisphosphonate at baseline. Therefore, the usage was low at baseline (2%). Although the prevalence of bisphosphonate use increased during follow-up, half of these women used bisphosphonates for less than 1.5 years and majority of users took alendronate. No information on dose of medications prevented us to further evaluate the dose-response relationship between oral bisphosphonate use and lung cancer risk. The relative small number of lung cancer cases still limited our ability to explore the duration-response relationship, associations for other bisphosphonate types, associations in different ethnicity groups, or heterogeneity in associations according to histological type of lung cancer. Finally, as the WHI study enrolled volunteer postmenopausal women who may have led a healthier lifestyle than women who were nonvolunteers and over 80% of participants were white, we may have limited ability to generalize our findings to the general US population of postmenopausal women [43] .
In this large population of postmenopausal women, oral bisphosphonate use was associated with lower lung cancer risk among never smokers. These observational study findings need to be confirmed. As the U.S. Food and Drug Administration issued safety announcements related to potential risk of long- term bisphosphonates use [44, 45] , further studies are warranted to investigate how duration of bisphosphonate use may influence risk of lung cancer and evaluate optimal dose of oral bisphosphonates for lung cancer prevention in older women. Further research to explore the mechanisms by which risk is reduced is warranted. 
